Sex chromosomes play a role in many important biological processes, including sex determination, genomic conflicts, imprinting, and speciation. In particular, they exhibit several unusual properties such as inheritance pattern, hemizygosity, and reduced recombination, which influence their response to evolutionary factors (e.g., drift, selection, and demography). Here, we examine the evolutionary forces driving X chromosome evolution in aphids, an XO system where females are homozygous (XX) and males are hemizygous (X0) at sex chromosomes. We show by simulations that the unusual mode of transmission of the X chromosome in aphids, coupled with cyclical parthenogenesis, results in similar effective population sizes and predicted levels of genetic diversity for X chromosomes and autosomes under neutral evolution. These results contrast with expectations from standard XX/XY or XX/X0 systems (where the effective population size of the X is threefourths that of autosomes) and have deep consequences for aphid X chromosome evolution. We then localized 52 microsatellite markers on the X and 351 on autosomes. We genotyped 167 individuals with 356 of these loci and found similar levels of allelic richness on the X and on the autosomes, as predicted by our simulations. In contrast, we detected higher dN and dN/dS ratio for X-linked genes compared with autosomal genes, a pattern compatible with either positive or relaxed selection. Given that both types of chromosomes have similar effective population sizes and that the single copy of the X chromosome of male aphids exposes its recessive genes to selection, some degree of positive selection seems to best explain the higher rates of evolution of X-linked genes. Overall, this study highlights the particular relevance of aphids to study the evolutionary factors driving sex chromosomes and genome evolution.
Introduction
Sex chromosomes exhibit several unusual properties such as sex-specific inheritance patterns, hemizygosity, and reduced recombination (Vicoso and Charlesworth 2006) . Hence, these chromosomes are expected to differ from autosomes in their response to evolutionary factors (e.g., drift, demography, and selection) and can help elucidate the relative importance of these forces to genome evolution. Several empirical studies outlined lower levels of genetic diversity on the X relative to the autosomes in a wide range of species and tried to disentangle the several possible mechanisms that could account for this difference (e.g., Moriyama and Powell 1996; Begun and Whitley 2000; Sundström et al. 2004; Geraldes et al. 2008; Ellegren 2009 ; see also table 1).
In XY systems, the effective population size of the X is three-fourths that of the autosomes because under 1:1 sex ratio and equal variance in reproductive success between sexes, there are three copies of the X per mating pair but four copies of the autosomes (Wright 1931; Caballero 1994 Caballero , 1995 . Thus, the X is more exposed to genetic drift, leading to an expected X:A diversity ratio of three-fourths. However, this ratio might be further affected by several demographic factors. For example, a higher variance in male reproductive success or female-biased dispersal will increase this ratio above three-fourths (the reverse would decrease it below three-fourths) since the Xs are more often transmitted by females than males compared with the autosomes (Caballero 1995; Charlesworth 2001; Laporte and Charlesworth 2002) . Bottlenecks or population expansions alter the X:A diversity ratio, too, because the effective population size determines the rate of convergence to the new diversity equilibrium (Wall et al. 2002; Pool and Nielsen 2007) . Additionally, both mutation and recombination rates differ between the X and the autosomes. Given that the X is transmitted more often through females than the autosomes, male-biased mutation (i.e., a higher mutation rate in males because of the large number of germ cells divisions required for spermatogenesis, Miyata et al. 1987; Li et al. 2002) will lower mutation rate on the X and hence X-linked diversity relative to autosomes (Ellegren 2007) . All else being equal, recombination is also predicted to be lower on the X because autosomes recombine in both males and females and the X only in females (Hedrick 2007 ) (but note that recombination is predicted to be higher on the X chromosome in Drosophila, since males do not recombine, Connallon 2007 ). Recombination in turn determines how positive (Maynard-Smith and Haigh 1974) and background selection (Charlesworth et al. 1993 ) impact on linked genes. Furthermore, X-linked recessive alleles are exposed to selection in the heterogametic sex, whereas autosomal recessive alleles are not exposed until they reach frequencies large enough to allow them to appear as homozygote. Therefore, selection is predicted to be more efficient on genes on the X (Charlesworth et al. 1987; Vicoso and Charlesworth 2006) , and this will in turn increase or decrease the X:A diversity ratio, depending on whether selection acts on standing variation or new mutations (Charlesworth et al. 1987 ; Orr and Betancourt 2001; Betancourt et al. 2004) . However, it is important to stress that the various evolutionary factors discussed here do interact (Ellegren 2009 ). Hence, disentangling the evolutionary causes (e.g., drift, demography, and selection) of unequal diversity levels between the X and the autosomes in XX/XY systems remains challenging.
In this context, organisms with alternative modes of inheritance of sex chromosomes can be valuable models to better understand forces driving sex chromosome evolution. For instance, the X chromosome of aphids shares some characteristics with the X of species with XX/XY sex-determining MBE systems (e.g., the X is present in single copy in male aphids), but its inheritance pattern is different; hence, the forces driving aphids' X chromosome evolution must differ. Aphids have an XX/X0 sex determination system whereby females carry two X chromosomes and males only one (whereas both sexes have three diploid autosomes) ( fig. 1 ). A major difference between aphids and other XX/XO organisms such as some nematodes (e.g., Caenorhabditis elegans, Pires-DaSilva 2007), insects (e.g., grasshopper, crickets, and cockroaches, Tatsuta et al. 2006; Bachtrog 2010), or molluscs (Thiriot-Quievreux 2003) comes from the peculiar pattern of inheritance of the aphid X chromosome in a life cycle combining sexual and asexual reproduction (see fig. 1 ). Indeed, the aphid life cycle involves several rounds of apomictic parthenogenesis, followed by a single event of sexual reproduction in autumn ( fig. 1 ). Sexual individuals are produced by apomictic parthenogenesis, the males inheriting randomly only one of the asexual female Xs (Wilson et al. 1997; Caillaud et al. 2002) . Since males produce exclusively X-bearing gametes (i.e., haploid for the X and for the autosomes), the fusion of male and female gametes restores the diploidy of the X and autosomes to generate an asexual female (figs. 1 and 2). Therefore, in the asexual progeny produced from sexual reproduction, half of the autosomes and X chromosomes originate from the mother and the other half from the father ( fig. 2C ). This differs from the pattern of X chromosome inheritance in standard XX/X0 or XX/XY systems whereby female offspring receive one maternal and one paternal X chromosome, but males only inherit the maternal X copy ( fig. 2A and B). Though a priori minor, this difference between aphids and other standard systems has deep consequences for the evolutionary trajectory of the aphid X chromosome (table 1) .
Since both male and sexual female aphids transmit one set of autosomes and one of their X chromosomes to the progeny during sexual reproduction, we predict similar effective population sizes for X chromosome and autosomes (i.e., Ne A 5 Ne X ), and so an X:A diversity ratio equal to one (this hypothesis is validated by simulations in the present study). Hence, bottlenecks or population expansions do not affect differentially the genetic diversities on the X and on the autosomes, since these diversities converge to the new equilibrium at the same rate. In addition, any variance in sex-specific reproductive success will have the same effect on the X as on the autosomes, leaving
unchanged. This result arises because the same proportion (50%) of the X and autosomes in the progeny is paternally inherited, so that both the X and the autosomes are similarly impacted by any sex-specific variance in reproductive success. This contrasts to standard XX/XY or XX/XO systems where autosomes and X are differentially affected because half of the autosomes are paternally inherited in the progeny but only 1/3 of the Xs. A similar argument can be raised to explain why sex-biased dispersal similarly affects X and the autosomes in aphids, also leaving Ne X Ne A unchanged. Interestingly, we also expect male-biased mutation to similarly affect X chromosome and autosomes in aphids, since the same proportion (50%) of autosomes and X chromosomes are paternally inherited and thus have experienced the higher mutation rate occurring in males. Additionally, we predict no a priori difference in recombination rate between X and autosomes in aphids. This prediction also differs from that for standard XX/XY systems, where the X is predicted to recombine less than autosomes when males recombine (Ellegren 2009 ) or more than autosomes in species with male achiasmy (e.g., Drosophila, Connallon 2007). The aphid system resembles that of Drosophila because FIG. 1. Annual life cycle of the pea aphid and ploidy levels for autosomes (A) and sexual chromosome (X). Overwintering eggs, diploid for both types of chromosomes (AA and XX), give birth to an asexual female. After 10-20 generations of apomictic parthenogenesis, asexual females produce (by parthenogenesis) sexual females and males. Males inherit the same autosomal genome as asexual females but receive only one of the female Xs: hence, they are diploid for the autosomes and haploid for the X (represented as AAX0). Ovules (haploid for both the autosomes and the X) are generated by a normal meiosis, but males produce only X-bearing sperm (AX). The fusion of male and female gametes restores the diploid level at both the X and the autosomes and generates asexual females.
Faster-X Evolution in Aphids · doi:10.1093/molbev/msr252 MBE there is also no recombination during spermatogenesis (Sloane et al. 2001; Hales et al. 2002) . Nevertheless, we predict different X:A recombination rates between aphids and Drosophila. The key point is not to consider the proportion of Xs and autosomes that recombine in the parental generation (two-thirds of the Xs and half of the autosomes recombine in the parents in both aphids and Drosophila) but to consider the proportion of chromosomes actually transmitted to the progeny that have recombined in the parents. Indeed, in Drosophila, two-thirds of the Xs found in the progeny have recombined (against half of the autosomes), resulting in a larger rate of recombination for the X. By contrast, in aphids, the progeny from sexual crosses always inherits one X from the mother and the second from the father since male aphids transmit their X to all their progeny ( fig. 2C ). Autosomes are also evenly transmitted by mothers and fathers. As a result, 50% of the Xs and 50% of the autosomes found in the progeny have recombined in the parents, leading to a 1:1 X:A expected recombination rate in aphids. Therefore, we expect X-linked and autosomal diversities to be similarly eroded by positive or background selection acting on linked genes. By contrast, a shared feature between aphid X chromosome and the X from standard XX/X0 and XX/XY systems is the hemizygosity of the X in males, which exposes X-linked recessive genes to selection. This in turn affects X:A diversity ratio through the influence of selective sweeps or background selection on linked loci. Note also that the faster-X effect (i.e., an accelerated rate of evolution of Xlinked genes, Charlesworth et al. 1987) due to the fixation of beneficial mutations is predicted to be particularly strong in aphids that combine large effective population sizes and a large Ne X Ne A ratio compared with other species (Vicoso and Charlesworth 2009; Mank, Vicoso, et al. 2010 ). Overall, a difference in X:A diversity ratio would be more straightforward to interpret in aphids than in conventional XX/XY systems, since fewer factors affect this ratio (table 1) .
This study aims to disentangle the different evolutionary factors driving X chromosome evolution in the pea aphid (Acyrthosiphon pisum), whose genome has recently been sequenced (International Aphid Genomics Consortium 2010). To this end, we first verified through simulations that the effective population size of the X chromosome equals that of autosomes in an aphid-like sex determination system. In a second step, we assessed the genetic diversity in these two types of chromosomes using 45 X-linked and 311 autosomal microsatellite loci typed on 167 individuals. Finally, we compared the rate of evolution of genes on the X and on the autosomes by identifying orthologs between A. pisum and three other aphid species.
Materials and Methods

Assessing X and Autosome Effective Population Sizes in Aphids
To compare the Ne X Ne A : Ne X ratio in organisms with an aphidlike XX/X0 system (e.g., aphids and the nematode Strongyloides ratti, Harvey and Viney 2001) and in those with an XX/XY system, we simulated the action of genetic drift on X-linked and autosomal genes in R (R Development Core Team 2010). At cycle 0, two alleles at one X-linked locus and one autosomal locus were randomly assigned to 100 asexual females (AA XX) from a uniform distribution considering 30 possible allelic states. Then, the 10-20 generations of asexual reproduction occurring in spring and summer ( fig. 1) were modeled by drawing the number of clones generated by each of the 100 initial female lineage MBE from a geometric distribution with mean 5 0.02 (with this value, each initial lineage produced 48.7 ± 49.1 [mean ± standard deviation] asexual females that reached the last generation before the production of sexual females and males). Each of these newly generated asexual females then produced on average (Poisson distribution) five sexual females and five males parthenogenetically (males randomly lost one of their X chromosome). Finally, offspring (asexual females) were generated by randomly drawing with replacement one female gamete and one male gamete produced by sexual individuals (see figs. 1 and 2). We repeated this step until 100 offspring were generated, to start a new cycle. Simulations were run for ten cycles (a cycle corresponds to several rounds of asexual reproduction followed by one event of sexual reproduction, e.g., fig. 1 ), and 50,000 independent replicates were performed. Expected heterozygosities (Nei 1987) were computed for the autosomal and the X-linked loci at every cycle t after sexual reproduction (H A,t and H X,t ) and were then averaged over the 50,000 replicates. Effective population sizes (Ne i ) for both the autosomal (Ne A ) and the X-linked (Ne X ) loci were estimated from the rate of loss of genetic diversity during the last cycle as Ne i 5 H i;t 2ðH i;t ÀH i;tþ1 Þ . In our simulations, fecundities were chosen within the lower tail of values observed in aphids to ensure conservative results. By contrast, the number of allelic states and the size of the population do not influence Ne A :Ne X ratio and were thus chosen arbitrarily. Since we estimated Ne A and Ne X from the rate of loss of diversity at one locus within one cycle in a small population (i.e., 100 individuals), we expect a large variance for this estimate because of the stochastic process of inheritance of alleles. We therefore performed an important number of replicates (i.e., 50,000) to obtain an accurate estimation of mean Ne A and Ne X (alternatively, we could have estimated Ne over a larger number of cycles, but this would have led to similar results).
We ran analogous simulations to compute effective population sizes for X-linked and autosomal loci in a standard XX/XO or XX/XY system (i.e., where males transmit their X chromosome only to their daughters). In that case, the adult population consisted of 50 males and 50 females, and 100 offspring (50 males and 50 females) were randomly generated by drawing with replacement one female gamete (AX) and one spermatozoid (either AX to generate females or AY to generate males) from the pool of gametes generated by the adults.
Comparison of Genetic Diversities on the X versus Autosomes in Pea Aphid Populations DNA extraction was carried out as in Peccoud et al. (2008) on 167 individuals from nine European pea aphid populations collected on three different host plants (supplementary table S1, Supplementary Material online). Several independent extractions of genetically identical individuals (clones) from each of the 167 lineages were required to obtain enough DNA to genotype these 167 individuals at 403 loci (for primer sequences, see supplementary table S2, Supplementary Material online). Three hundred and seventeen of the microsatellite loci were located within EST contigs or at an average distance of 1.4 kb from the closest predicted gene (International Aphid Genomics Consortium 2010) (hereafter referred to as loci in ''coding region''). The 86 remaining loci were located at more than 30 kb from any predicted genes (average distance to the closest gene is 47 kb) (hereafter referred to as loci in ''noncoding region''). Polymerase chain reaction (PCR) amplification and genotyping for loci AlA09M, AlB07M, AlB12M, ApF08M, ApH10M, and AlB08M were performed as in Peccoud et al. (2008) (see supplementary table S2 , Supplementary Material online). The chromosomal localization of each microsatellite marker was performed as in Wilson et al. (1997) by looking at the pattern of inheritance of alleles in 6-28 families made up of an asexual mother and 2 of her sons (we used the families generated by Frantz et al. 2006) . Briefly, a heterozygote female will produce heterozygote sons at autosomal loci but her sons will appear homozygote for X-linked loci since males inherit only one of their mother Xs.
The effects of the chromosome (X chromosome vs. autosomes) and type of loci (within coding regions or not) on allelic richness were assessed in R (R Development Core MBE and Type of Loci were set as fixed effects. The effect of each variable was tested by likelihood ratio tests based on the drop in Akaike's information criterion following the inclusion of the focal variable into the partial model comprising all other variables. Since Motif Size had no effect of allelic richness (P 5 1), it was removed from the models. To graphically look at the effects of Chromosome (X vs. autosomes) and Type of Loci (within coding regions or not) on allelic richness ( fig. 3 ) once other effects were accounted for, residuals for allelic richness for each locus were extracted from the partial model: Allelic richness ; Number of Repeats þ Population þ Host Plant þ Loci.
Linkage disequilibrium between pairs of loci was calculated with FSTAT 2.9.4 (Goudet 2005) . We then measured the proportion of pairs showing significant linkage disequilibrium (at P , 0.05) for loci that were both located on 1) the X or 2) autosomes (in that case, we are not able to distinguish whether both loci are located on the same autosome). As a result, even under similar X and autosomes recombination rates, we expect a slightly larger linkage disequilibrium for loci on the X than for those on autosomes.
Evolutionary Rates of Genes Located on the X versus Autosomes
The 403 microsatellite loci that had been assigned to the X (52 loci) or to the autosomes (351 loci) were then located on the genome sequence of the pea aphid (Acyr 1.0 assembly, International Aphid Genomics Consortium 2010), allowing us to assign 47 scaffolds (genomic DNA fragments) to the X chromosome and 323 to the autosomes. Orthologs between A. pisum genes located on these scaffolds (International Aphid Genomics Consortium 2010) and coding sequences (CDSs) reconstituted from ESTs databases from three aphid species (Acyrthosiphon kondoi: 23,046 ESTs, Myzus persicae: 27,728 ESTs, and Aphis gossypii: 88,851 ESTs) were then identified following reciprocal best blast hit criterion (RBH). Translated sequences were aligned using T-coffee (Notredame et al. 2000) , nucleic sequences being then aligned using the proteic alignment as a guide. Alignments were trimmed using Gblocks (Castresana 2000; Talavera and Castresana 2007) with default parameter values. We then estimated maximum likelihood pairwise synonymous (dS) and nonsynonymous (dN) evolutionary rates for each gene, using a codon-based model (Codeml from PAML, Yang 1997). For each species comparison, genes located in the upper 5% tail for dS values (when considering X-linked and autosomal genes together) were eliminated as well as those with dN . 0.2. We combined these two thresholds because it allowed eliminating paralogous genes and those containing errors in their EST-based sequence. Overall, 26 genes (of 512) were eliminated for the comparison between A. pisum and A. kondoi (50/ 842 for A. pisum vs. M. persicae and 67/864 for A. pisum vs. A. gossypii, respectively). The eliminated genes represented 5%, 5%, and 7% of autosomal loci and 4%, 15%, and 12% of X-linked loci for comparisons between A. pisum-A. kondoi, A. pisum-M. persicae, and A. pisum-A. gossypii, respectively.
Differences between dN (dS and dN/dS, respectively) for X-linked and autosomal genes were tested using two-sided Mann-Whitney tests, independently for each pair of species. A global analysis (overall species) was also performed using the following linear mixed-effects model (fitted with REML): y ; Chromosome þ Gene Expression Level þ Gene þ Species Comparison, where y is dN, dS, or dN/dS. Gene and Species Comparison were set as random factors and Chromosome (X vs. autosomes) as fixed. Gene Expression Level (log[x þ 1] transformed) was included as a fixed-effect covariable and was roughly estimated by counting the ESTs from A. pisum supporting each gene used for dN/dS estimation by using Blastn between the published approximately 204,800 A. pisum ESTs and the 34,603 predicted genes (International Aphid Genomics Consortium 2010). The significance of Chromosome and Gene Expression Level were tested by likelihood ratio tests.
Finally, we also tested for a difference in expression levels (based on ESTs counts) between X-linked and autosomal genes using a two-sided Mann-Whitney test.
Results
Similar X and Autosome Effective Population Sizes in Aphid-Like Systems
From our simulations on an aphid-like sex determination system, genetic diversities did not differ between X-linked and autosomal loci after ten cycles (H X,t510 5 0.8566744, H A,t510 5 0.8566305, two-sample t-test: P 5 0.85, n 5 50,000) (see also supplementary fig. S1 , Supplementary Material online). Effective population sizes were estimated as Ne A 5 50.25 and Ne X 5 49.72, providing a ratio of MBE genetic diversity on the X than on autosomal loci (twosample t-test: n 5 50,000, P , 10 À15 ) and to an X:A ratio of effective population sizes of 0.74, close to the threefourths expectation.
Similar Genetic Diversity on the X and Autosomes
Mean allelic richness (averaged over populations) reached 3.53 for X-linked and 3.30 for autosomal loci located within coding regions, but allelic richness was slightly higher on the X (5.15) than on the autosomes (4.54) for loci located within noncoding areas. X-linked loci also had a higher number of microsatellite repeats than loci on the autosomes (table 2) and more especially so for loci located within noncoding regions. In contrast, when allelic richness was corrected for the number of microsatellite repeats (since both parameters covary: R 2 5 0.43, P , 10
À15
), we observed no difference (P 5 1) of allelic richness between X-linked and autosomal loci ( fig. 3) . Loci located within coding regions were less diverse (P , 10 À6 ) than those far from genes ( fig. 3) . We also showed that 17% of the pairs of loci located on the X chromosome were significantly linked against 12% for pairs on autosomes. These values suggest similar recombination rates on the X and autosomes (for details, see Materials and Methods).
Faster Evolutionary Rates for X-Linked Genes
In the three pairs of aphid species, we found higher rates of nonsynonymous mutations (dN) for X-linked genes than for autosomal genes (two-sided Mann-Whitney test, P , 0.04 for all comparisons, table 3). Synonymous rate of substitution (dS) did not differ between X-linked and autosomal genes (P . 0.38 in all comparisons). Also, we found higher dN/dS ratio for X-linked genes in all pairs of species, the effect being significant in two pairs of species (P , 0.04) but not in the third one (P 5 0.08) (table 3 and supplementary fig. S2, Supplementary Material online) . The global analysis (that accounted for Gene Expression Level, Gene, and Species Comparison) also showed higher dN and dN/ dS ratio for X-linked genes (P 5 0.029 and P 5 0.034) but no difference for dS values (P 5 0.42). We observed particularly high dN/dS values for X-linked genes compared with autosomes, with dN X =dS X dN A =dS A reaching 1.76 for A. pisum-A. kondoi, 1.45 for A. pisum-M. persicae, and 1.34 for A. pisum-A. gossypii. These values decreased with phylogenetic distances between the pair of species compared, A. kondoi being the closest from A. pisum and A. gossypii the more distantly related (Ortiz-Rivas and Martinez-Torres 2010). We also found a significant effect of gene expression levels on dN/dS (P 5 10 À3 ), dN (P 5 10 À6 ), and dS (P 5 10 À6 ), with a negative relation between gene expression and evolutionary rates in all cases. The amount of explained variance was nevertheless small (R 2 , 0.005 for dN/dS, and ;0.035 for dN and dS). Finally, we observed slightly lower (but not significantly) EST support for X-linked genes (mean: 19.8) compared with those on the autosomes (mean: 25.6; Mann-Whitney test, n 5 1,188, P 5 0.07).
Discussion
Effective Population Size Does Not Differ between Aphid X Chromosome and Autosomes Here, we showed by simulations that the aphid X chromosome and autosomes have similar effective population sizes because of the peculiar X chromosome inheritance. This result contrasts with expectations from standard XX/XY or XX/X0 systems, where Ne X is only three-fourths of Ne A (assuming 1:1 sex ratio and equal variance in reproductive success between sexes) because of the sex-specific inheritance pattern of the X (Wright 1931; Caballero 1994 Caballero , 1995 . Consequently, in aphids, the rate of genetic drift should not differ among the two categories of chromosomes, so that the ratio of X:A diversity should be 1. Interestingly, this result, coupled to the arguments presented before, implies that the ratio of X:A diversity in aphids is not affected by the various demographic (i.e., expansion, bottleneck, sex-biased dispersal, or mating systems) and genetic (recombination and mutation) factors influencing the X:A diversity ratio in XX/XY and standard XX/X0 ( fig. 1) . Indeed, in such standard systems, several neutral factors such as the number of chromosome copies (e.g., Begun and Whitley 2000; Schofl and Schlotterer 2004; Berset-Brändli et al. 2007 ), sex-biased dispersal (Laporte and Charlesworth 2002; Ellegren 2009) Faster-X Evolution in Aphids · doi:10.1093/molbev/msr252 Baines and Harr 2007; Broquet et al. 2009) , and mutation rate (e.g., Handley et al. 2006; Qiu et al. 2010 ) must be accounted for.SincetheaphidX:Adiversityratioisnotaffectedbyallthese neutral evolutionary factors, aphids are ideal models to investigate the effects of selection on sex chromosome evolution.
MBE
Similar Levels of Diversity on Aphid X Chromosome and Autosomes
We found similar genetic diversity on the X compared with autosomes once the number of microsatellite repeats (that was higher for X-linked loci, and particularly, so for those located within noncoding regions) was accounted for. Such a correction was required since mutation rate, hence genetic diversity, increases with the number of repeats (Ellegren 2000; Xu et al. 2000; Seyfert et al. 2008) , an effect also observed in our data where repeat number accounted for 43% of the variance in allelic richness. The larger number of microsatellite repeats observed on X-linked loci corroborates previous evidence that aphid X chromosomes are enriched in heterochromatin and repetitive DNA sequences compared with autosomes (Mandrioli and Borsatti 2007; Monti et al. 2010) . The similar diversity on the X and autosomes corresponds to the 1:1 X:A diversity ratio predicted under neutral evolution. However, these results contrast with those of Brisson et al. (2009) who used a smaller data set of noncoding DNA sequences and found that X-linked loci were less diverse than autosomal ones in the pea aphid. Microsatellite markers have been widely used to compare X and autosomes diversities in other taxa (e.g., Payseur et al. 2002; Schofl and Schlotterer 2004) , but in aphids, these markers may not be the most appropriate to investigate such patterns because as mentioned above, aphid X chromosomes appear to be enriched in repetitive DNA sequences compared with the rest of the genome.
Faster Evolution of X-Located Genes: Relaxed or Positive Selection?
We observed higher dN values and dN/dS ratio for X-linked genes, whereas dS, that can be equated to the rate of neutral substitution, did not differ between the X and the autosomes. This suggests similar mutation rates for genes located on these two types of chromosomes. A faster-X effect (i.e., increased dN and dN/dS for X-linked genes) can result from relaxed selection: this is indeed the case when the X has a smaller effective population size than autosomes (e.g., Mank, Nam, et al. 2010) , resulting in a reduced effectiveness of selection against slightly deleterious mutations. Alternatively, faster evolutionary rates on the X could result from a higher efficiency of selection (because of the haploid state of the X in males, Vicoso and Charlesworth 2006). As we found here, the similar effective population size between the X and the autosomes in aphids argues against a role of drift and reduced efficiency of selection on the X (Vicoso and Charlesworth 2009 ). Second, we observed no significant difference in EST supports of A. pisum genes on the X and on the autosomes, suggesting that X-linked genes do not evolve faster because they are less expressed. Gene expression levels also explained less than 0.5% of the variance in dN/dS. Therefore, positive selection seems to best explain the higher evolutionary rates of X-linked genes. However, our measurements of evolutionary rates are only based on pairwise estimates of synonymous and nonsynonymous distances, and few pairwise estimates of the dN/dS ratio were above 1, the usual criteria to conclude that there has been positive selection at the scale of the entire sequence. But such approach (based on pairwise estimates) lacks power to actually detect positive selection (Yang et al. 2005) , and a more complete set of taxa and genes would help to better evaluate the potential for positive selection. Ongoing genome sequencing projects in other aphid species will help filling this gap in the near future. Also, positive selection often concerns only specific regions or domains of a gene. With more sequences and taxa available, we will be able to test models of site variation of the rates and to determine if X-linked genes more often contain domains or regions under the influence of positive selection.
Interestingly, Vicoso and Charlesworth (2009) showed that the scope for faster-X effect due to the fixation of beneficial mutations increases when MBE beneficial mutation is predicted to increase with effective population size. From these results, we expect aphid Xlinked genes to show a higher rate of evolution compared with autosomal genes because 1)
Ne X Ne A 51 in aphids and 2) aphid effective population size is large compared with the effective population sizes of vertebrates. We indeed observed particularly high dN/dS values for X-linked genes compared with autosomes, with X:A dN/dS ratio ranging from 1.34 to 1.76 in the three pairs of aphid species. These values are located within the upper tail of values generally observed (ranging from 0.995 in some Drosophila species to 1.359 in rodents, Begun et al. 2007; Mank, Vicoso, et al. 2010) .
We located genes on the X and on the autosomes in A. pisum, but we ignore whether their orthologs in A. kondoi, M. persicae, and A. gossypii are also X-linked. This is not necessarily always the case, but the X is thought to be the structurally most conserved chromosome among aphid species (Wilson et al. 2004 ), possibly because it should be clearly identified for its elimination in males. The hypothesis of high homology of the X between species is further supported because most X-linked microsatellite loci amplify and remain X-linked across distantly aphid related species (Wilson et al. 2004 ). Yet, any gene shuffling between X and autosomes should reduce the X:A dN/dS ratio and thus be conservative regarding our conclusions. Along this line, we observed that the X:A dN/dS ratio decreases with increasing phylogenetic distances between the pair of species compared, presumably because of increased probability of gene shuffling between the X and the autosomes.
Our data on effective population size and expression rate suggest that positive selection (rather than relaxed selection) is responsible for increased rate of evolution of Xlinked genes. Yet, our diversity data from X-linked and autosomal microsatellite loci neither support nor refute this hypothesis. Indeed, theoretical models have shown that both increased and reduced levels of diversity can be expected on linked genes on the X relative to autosomes, depending on whether positive selection acts on newly arisen or standing variation (Orr and Betancourt 2001; Betancourt et al. 2004) . Furthermore, even under the hypothesis of positive selection on new mutations, we still could expect similar levels of diversity between the X and the autosomes if recombination rate is high and thus prevents hitchhiking effect to act on linked loci. Interestingly and in contrast to our results, Brisson et al. (2009) found lower rate of diversity on the X than on autosomes on a data set based on noncoding DNA sequences obtained on the pea aphid, giving some support to the hypothesis of positive selection on newly arisen mutations. Resolving the issue of the nature of selection driving X chromosome evolution may be achieved in the future when more extensive genomic data sets from multiple aphid individuals and species will be available. Then comparing within species patterns of polymorphism with patterns of divergence among species (fixed substitutions)-using for example McDonald and Kreitman tests (McDonald and Kreitman 1991)-could provide key insights into the dominant selective forces that influence X chromosome and autosomes.
Conclusion
This study highlights the relevance of organisms with peculiar modes of inheritance of sex chromosomes, such as aphids, as complementary models to disentangle the various evolutionary forces that drive sex chromosome evolution. Indeed, we have shown here that aphids are particularly well-suited for covering such an issue because 1) clear predictions for X:A diversity ratio can be made under neutral evolution because no factor (apart from selection) should influence this ratio and 2) the similar effective population sizes of the X and autosomes allows to sort out causes for faster-X evolution. Our study therefore highlights the particular relevance of the aphid system to compare the different evolutionary factors that drive sex chromosome and genome evolution in general.
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